Abstract Normal myocardium can derive energy for contraction and relaxation from oxidative metabolism of a variety of substrates. This investigation examined the influence of substrate availability early during reperfusion on the substrate pattern of oxidative metabolism and recovery of contractile function. For this purpose, isovolumically beating isolated rat hearts, perfused retrogradely with erythrocyte-supplemented buffer containing 0.4 mmol/L palmitate and 11 mmol/L glucose, were subjected to 40 minutes of no-flow ischemia. Hearts were reperfused with medium containing selected concentrations of palmitate and glucose. The substrate pattern for oxidative metabolism was determined on the basis of myocar- 1994;75:1103-1112.) Key Words * fatty acids * glucose * metabolism reperfusion * reperfusion injury N ormal myocardium can use a variety of metabolic substrates to derive energy for contraction and other cellular functions.' In most instances, fatty acids account for the bulk of oxidative metabolism, primarily because oxidation of glucose is largely inhibited by physiologically circulating levels of fatty acids.2 Although substrate metabolism during postischemic reperfusion has been studied by using a variety of experimental models,3-6 the interaction between carbohydrate and fatty acid metabolism in postischemic myocardium has not been fully elucidated. Lopaschuk et al5 observed in isolated working rat hearts reperfused after 25 minutes of no-flow ischemia with medium containing 1.2 mmol/L palmitate and 11 mmol/L glucose that oxidation of both palmitate and glucose returned rapidly to preischemic values, indicating unaltered inhibition of glucose oxidation by fatty acids in postischemic myocardium. On the other hand, we have observed in rat hearts perfused retrogradely with medium containing 0.4 mmol/L palmitate and 11
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There is evidence to suggest that the substrate pattern of oxidative metabolism early during reperfusion may influence the severity of postischemic injury.57-9 Specifically, inhibition of glucose oxidation by fatty acids may adversely affect the recovery of reperfused myocardium, because pharmacological activation of the pyruvate dehydrogenase reaction during reperfusion by etomoxir,5 dichloroacetate,7 a high concentration of pyruvate,10 or the omission of fatty acids9 attenuated postischemic contractile dysfunction in isolated heart preparations. Conversely, inhibition of glycolysis reduced contractile recovery and aggravated contracture of postischemic myocardium.1'
In the present study, we sought to determine, in a model of advanced ischemic injury simulating evolving myocardial infarction, the effect of the perfusate concentration of palmitate and glucose during reperfusion (1) on the contribution of each substrate to oxidative metabolism and (2) on postischemic contracture, release of creatine kinase, and recovery of contractile function.
Materials and Methods

Perfusion Technique
Hearts of adult male ZUR:SIV rats (Tierspital Zurich, Zurich, Switzerland) were prepared and perfused as previously described.6'12 Briefly, animals weighing 250 to 350 g were fasted for 24 hours and anesthetized with diethyl ether. After intravenous injection of 1000 U heparin, the heart was rapidly excised and placed into ice-cold saline. After completion of the preparation, the protocol consisted of three experimental phases: baseline, ischemia, and reperfusion.
Baseline
During the 20-minute baseline period, all hearts were perfused at a flow rate of 2 mL min--1 g wet wt-1 with erythrocyte-enriched medium (EE-KH). The medium consisted of KH buffer (same composition as above) containing palmitate (0.4 mmol/L) bound to albumin (0.4 mmol/L), glucose (11 mmol/L), and insulin (70 mU/L). Washed human erythrocytes were added to the perfusate at a hematocrit of 0.3 to ensure sufficient oxygenation at a physiological flow rate. 13 The EE-KH was passed through a transfusion filter, included in the perfusion system, to remove microaggregates. To achieve comparable systolic loading conditions during the baseline period, filling of the left ventricular balloon was initially adjusted to provide a systolic pressure of 85 mm Hg and then kept constant throughout the experiment. Samples of the perfusate and the coronary effluent were taken 10 and 20 minutes after the onset of perfusion with EE-KH.
Ischemia
During the second phase, in hearts subjected to the ischemia-reperfusion protocol, perfusion was stopped for 40 minutes. Before clamping of the perfusion line, the coronary system was flushed with 2 mL erythrocyte-free standard medium containing 0.4 mmol/L palmitate plus 11 mmol/L glucose to avoid erythrocyte aggregation. During no-flow ischemia, the heated jacket was filled with warmed KH buffer to maintain temperature at 37°C.
In control hearts, without ischemia, perfusion with the standard medium (0.4 mmol/L palmitate plus 11 mmol/L glucose) was continued at a control flow rate (2 mL minm . g wet wt-1) during the 40-minute interval corresponding to the ischemic period.
Reperfusion
During the third phase, both control hearts and postischemic hearts were perfused for 45 minutes at the control flow rate (2 mL* min-l g wet wt-1) with EE-KH medium containing one of the following substrate compositions: (1) At the end of the experiment, hearts were freeze-clamped and stored in liquid N2 until analysis.
Metabolic Measurements
Myocardial oxygen consumption was calculated by multiplying the perfusate-coronary effluent difference of total (hemoglobin-bound and dissolved) oxygen content with myocardial blood flow.6 Oxidation of palmitate and of glucose (in nanomoles per minute per gram wet weight) was estimated by dividing myocardial release of C02-bound radioactivity (dpm* min' g wet wt-1) by the specific activity of the labeled substrate in the perfusate (in disintegrations per nanomole).6
Radioactivity released as 14CO2 was determined as previously described.6 Myocardial release of lactate was calculated on the basis of the coronary venous-arterial concentration difference and myocardial blood flow. Lactate concentration was measured spectrophotometrically in perchloric acid-deproteinized samples of the perfusate and the coronary effluent. 15 For the determination of cumulative myocardial release of creatine kinase, the coronary effluent was collected during the initial 30 minutes of reperfusion, and aliquots were analyzed by a spectrophotometric assay. 16 For the determination of ATP and creatine phosphate, the frozen myocardium was homogenized in 0.6 mol/L ice-cold perchloric acid. ATP and creatine phosphate were determined in the neutralized supernatant by enzymatic assays. 17, 18 Statistical Analysis
Values are expressed as mean+SEM. For parameters analyzed at one time point, one-way ANOVA was first performed to test for differences among mean values. If a difference was indicated, group means were compared by a modified t test, whereby probability values were corrected for multiple comparisons. 19 For parameters followed over time, ANOVA for repeated measurements was first performed, which was followed (if a difference between groups was indicated) by unpaired t test with correction for multiple comparisons. Differences were considered significant at P<.05. The relations between left ventricular diastolic pressure and metabolic parameters were assessed by linear regression analysis. entire experiment and was not influenced by modification of the substrate composition of the perfusate during the final 45 minutes of the experiment (Fig 1) . Postischemic hearts exhibited marked elevation of left ventricular diastolic pressure during reperfusion. For each substrate composition, the elevation of diastolic pressure was significant compared with control hearts (P value of at least <.01 for each time point during reperfusion; not indicated in Fig 1) . Left ventricular diastolic pressure was highest in hearts reperfused with palmitate either at a concentration of 0.4 mmol/L (Fig  1, left Fig 2) . Recovery of left ventricular pressure development was particularly poor in hearts reperfused with medium containing palmitate alone at a concentration of 0.4 mmol/L (Fig 2, left panel) or at a concentration of 1.2 mmol/L (Fig 2, right panel) , without a difference between the two groups. There was slight improvement of left ventricular pressure development for both palmitate concentrations when 11 mmol/L glucose was maintained in the reperfusion medium. However, the beneficial effect of glucose on left ventricular pressure development was somewhat less pronounced at the higher (1.2 mmol/L) compared with the lower (0.4 mmol/L) palmitate concentration (Fig 2, right panel (16) Thus, in hearts reperfused with medium containing both palmitate and glucose, oxidation of palmitate was reduced early during reperfusion at low (0.4 mmol/L) but not at high ( (Table 2) . Left ventricular diastolic pressure measured 15 minutes after the onset of reperfusion was inversely correlated with the rate of glucose oxidation (Fig 7) . The corresponding relation with myocardial release of lactate was not significant.
Discussion
The main findings of the present study are that (1) the substrate interaction for oxidative metabolism is altered The inhibition of glucose oxidation by fatty acids is thought to be mediated at the level of the phosphofructokinase reaction by citrate23 and at the level of the pyruvate dehydrogenase reaction by a high ratio of acetyl coenzyme A to coenzyme A.24,25 Consistent with this concept, in the present study, addition of palmitate at a concentration of 0.4 or 1.2 mmol/L to the perfusate of continuously perfused control hearts inhibited glucose oxidation by 56% and 91%, respectively, compared with hearts perfused with medium containing 11 mmol/L glucose as sole substrate. The observed reduction of glucose oxidation by 0.4 and 1.2 mmol/L palmitate is comparable in extent to that observed by Saddik and Lopaschuk2 in working rat hearts perfused with erythrocyte-free buffer.
In control hearts, the substrate pattern did not significantly influence myocardial oxygen consumption. Because of the higher ratio between the rate of ATP production and oxygen consumption (P/O ratio) for glucose oxidation, a small decrease of oxygen consumption would be anticipated in hearts perfused with glucose as sole substrate. Such a behavior has been observed in several studies,2M27 but it is not a consistent finding.28 The absence of a detectable oxygen-sparing effect of fatty acid-free perfusion may be related to the fact that with glucose as sole exogenous substrate, an appreciable portion of oxidative metabolism is still attributable to the oxidation of fatty acids that originate from endogenous triglycerides.2
In accordance with previous observations, reperfusion after 40 minutes of no-flow ischemia resulted in rapid resumption of oxidative metabolism despite persistent severe depression of contractile performance.6,12 Among groups reperfused with medium containing both palmitate and glucose, myocardial oxygen consumption increased with increasing palmitate concentration from 0.4 to 1.2 mmol/L despite comparable recovery of contractile function. The observation is compatible with lowering of the efficiency of oxidative metabolism in terms of contractile function during reperfusion in the presence of a high concentration of fatty acids, possibly by dissipation of the electrochemical potential at the inner mitochondrial membrane. 28 In the present study, inhibition of glucose oxidation by palmitate was partially reversed during postischemic reperfusion. In hearts reperfused with medium containing 11 mmol/L glucose plus 0.4 or 1.2 mmol/L palmitate, oxidation of glucose was significantly higher for both 0.4 and 1.2 mmol/L palmitate when compared with the values measured in the corresponding control group, with an increase of 59% and 466%, respectively.
The mechanisms responsible for the enhancement of glucose oxidation early during postischemic reperfusion are not apparent from the present study. At least three possibilities may be considered. First, myocyte calcium overload may lead to activation of glucose oxidation at the level of the pyruvate dehydrogenase reaction. 29 The absence of concomitant stimulation of lactate release in the present study is compatible with activation of glucose oxidation at this level. Second, myocardial accumulation of adenosine during ischemia and reperfusion may lead to stimulation of glucose oxidation during reperfusion. Finegan et a130 have observed in isolated erythrocyte-free perfused rat hearts that during reperfusion after 60 minutes of low-flow ischemia, glucose oxidation was enhanced during exposure of the heart to 100 ,umol/L adenosine. Third, oxidation of glucose may be stimulated by impairment of fatty acid oxidation during reperfusion. 31 Consistent with the last mentioned hypothesis, oxidation of palmitate was reduced in hearts reperfused with 0.4 mmol/L palmitate plus 11 mmol/L glucose or with palmitate (0.4 or 1.2 mmol/L) alone. The present study does not allow identification of the mechanism of reduction of fatty acid oxidation in these groups. Hearts reperfused with palmitate as sole substrate exhibited more severe myocardial injury, which complicates the interpretation of differences in metabolic measurements between groups reperfused with and without glucose (see methodological considerations). However, in hearts reperfused with medium containing 11 mmol/L glucose, which exhibited the most likely comparable degrees of irreversible injury, oxidation of palmitate recovered almost completely if palmitate concentration was increased to 1.2 mmol/L. This observation indicates that in hearts reperfused with both substrates, fatty acid oxidation is not limited by irreversible loss of capacity of the fatty acid oxidation pathway. Because activation of the pyruvate dehydrogenase reaction may inhibit carnitine palmitoyltransferase I by enhanced formation of malonyl coenzyme A,32 it is possible that if glucose is available, inhibition of fatty acid oxidation is the consequence, rather than the cause, of increased glucose oxidation.
The results of the present study agree with those reported by Myears et al,3 who observed in anesthetized dogs subjected to 60 minutes of coronary occlusion an increase of glucose oxidation associated with a decrease of fatty acid oxidation during reperfusion. On It has been hypothesized that the protective effect of glucose may require activation of the oxidative pathway, accelerating both the clearance of protons and lactate by the pyruvate dehydrogenase reaction7,43 and the reenergization of mitochondria.44 Consistent with this hypothesis, in the present study left ventricular diastolic pressure during reperfusion was only poorly related to myocardial release of lactate but exhibited a significant inverse relation with glucose oxidation.
It has been suggested that the presence of a high concentration of circulating fatty acids early during reperfusion may offset the beneficial effect of glucose by inhibition of glucose oxidation at the level of the pyruvate dehydrogenase reaction.589 Consistent with this concept, Lopaschuk et a19 observed in isolated working rat hearts perfused with medium containing 1.2 mmol/L palmitate and 11 mmol/L glucose that recovery of developed pressure after 25 minutes of no-flow ischemia was improved when palmitate was omitted in the reperfusion medium. Improvement of recovery of pressure development was also observed if palmitate was maintained in the reperfusion medium, but glucose oxidation was stimulated at the moment of reperfusion by activation of the pyruvate dehydrogenase reaction by etomoxir5 or dichloroacetate. 7 The results of the present study seemingly disagree with the observations by Lopaschuk et a19 because the addition of palmitate at a concentration of 0.4 or 1.2 mmol/L did not significantly worsen diastolic contracture and enzyme release compared with hearts reperfused with medium containing 11 mmol/L glucose as sole substrate. The absence of detrimental effects of palmitate on postischemic hearts perfused with medium containing 11 mmol/L glucose may be related to the attenuation of the inhibitory effect of palmitate on glucose oxidation during reperfusion, as found in the present study. As discussed above, Lopaschuk et al5 observed, in their model, that oxidation of glucose was inhibited during reperfusion to <10% of the value measured in hearts reperfused with glucose alone, when 1.2 mmol/L palmitate was present in the perfusate. Stimulation of glucose oxidation by only 50% to 25 nmol * min-m1 g wet wt-1 by etomoxir, a value that is still lower in absolute terms than glucose oxidation measured during reperfusion with palmitate-containing medium in the present study, elicited marked improvement of contractile recovery.5 Therefore, both studies agree in supporting the view that glucose oxidation early during reperfusion favorably influences postischemic recovery of the myocardium.
Methodological Considerations
A critique of the model has been provided previously. 6'12 In contrast to earlier studies in our laboratory,612 in this investigation`4C-labeled substrates were added to the perfusate only during the reperfusion period to exclude distortion of estimates of oxidative metabolism during reperfusion by the contribution of '4CO2 originating from labeled metabolites formed during ischemia.
A number of methodological limitations for the interpretation of results of the present study need to be emphasized. First, all postischemic hearts were severely and partially irreversibly injured. Although injury was identical among groups at the moment of reperfusion, it is possible that myocardial injury differed at the moment of metabolic measurements because of the variable speed of progression of irreversible injury during reperfusion, depending on the substrate composition of the reperfusion medium. Nevertheless, it is likely that injury was comparable in the three groups of hearts reperfused with glucose-containing medium, since diastolic contracture and release of creatine kinase were comparable. Second, observations do not allow the definitive distinction of whether the improvement of recovery of contractile function in hearts reperfused with glucose-containing medium is a reflection of the attenuation of reversible myocardial dysfunction or a limitation of the extent of irreversible injury. The increase of loss of creatine kinase in hearts exposed during reperfusion to palmitate alone suggests that more extensive irreversible injury contributed to reduced contractile recovery. Third, because washout of creatine kinase was not completed within the experimental period, differences in the rate of washout may have contributed to differences in enzyme release among groups. However, because impairment of washout is likely to be most pronounced in hearts with the highest diastolic contracture, the increase of enzyme release during reperfusion without glucose could even be underestimated. Fourth, the influence of the selected experimental conditions including the nutritional state of the animals45 and the glucose concentration of 11 mmol/L requires further investigation.
Implications
The present study demonstrates that in severely injured postischemic myocardium the extent of recovery of oxidation of palmitate and glucose may be influenced by circulating substrate levels. This may contribute to the apparent variability among different studies of oxidative metabolism of fatty acids and glucose in postischemic myocardium.3-6 Furthermore, the results provide additional evidence for a pivotal role of glucose availability early during reperfusion for recovery of critically injured myocardium. 5, 8, 114 The observed enhancement of glucose oxidation early during reperfusion, even in the presence of a high concentration of palmitate may, therefore, represent a protective response of the myocardium, potentially reducing irreversible injury.
